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Abstract

The presence of native contacts in the denatured state of many proteins suggests that elements of the
biologically active structure of these molecules are formed during the initial stage of the folding pro-
cess. The rapidity with which these events take place makes it difficult to study them in vitro, but, by the
same token, suitable for studies in silico. With the help of all-atom, explicit solvent, molecular dynamics
simulations we have followed in time, starting from elongated structureless conformations, the early
events in the folding of src-SH3 domain and of proteins G, L, and CI2. It is observed that within the first
50 ns two important events take place, essentially independent of each other: hydrophobic collapse and
formation of a few selected native contacts. The same contacts are also found in simulations carried out
in the presence of guanidinium chloride in order to reproduce the conditions used to characterize
experimentally the denatured state and testify to the fact that these contacts are to be considered a resil-
ient characterizing property of the denaturated state.
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The early events of protein folding are difficult to ac-
cess experimentally because of instrumental limitations
(Ferguson and Fersht 2003). The dead time of typical
stopped-flow experiments is of the order of 500 ms, which
may be reduced to ;100 ns by means of temperature
jump methods (Fersht 1999). In addition to these time
resolution limitations, one is also confronted with the fact
that fast detection techniques (such as fluorescence spec-
troscopy) needed in ultrafast experiments, can only mea-
sure gross features of protein structure.

To obtain structural information at atomic detail one
needs to make use of techniques like nuclear magnetic

resonance (NMR), which, being less sensitive than opti-
cal techniques, need longer acquisition times. Conse-
quently, NMR experiments are only able to characterize
very long-lived states of the protein, such as the denatured
state (stabilized by chemicals like urea, guanidinium
chloride, or acids). Such an approach has provided evi-
dence for the presence, in a number of proteins, of resid-
ual structures in the denatured state (Shortle 1996; Mok
at al. 1999; Yi et atl. 2000; Navon at al. 2001), although
under conditions which are different from biological
conditions in which folding takes place. It is sensible to
conjecture that such structuring is, to some extent, asso-
ciated with the folding mechanism of the protein, driving
the protein toward its native state, thus helping to solve
Levinthal’s paradox. The study of simplified models, al-
though not providing molecular details, suggests that this
is indeed the case (Broglia and Tiana 2001; Broglia et al.
2004, 2006).
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The time needed for the formation of the residual
structure during renaturation is not known. FRET experi-
ments on BLL have shown that the fastest event, an
overall collapse of the chain, takes place in 60 ns, while
the formation of secondary structures is several orders of
magnitude slower (Sadqui et al. 2003). It is, however,
possible that residual structure does not correspond to ele-
ments of secondary structures, but to small parts of them
or to turns that are hardly detected by the experimental
techniques mentioned above.

Another approach to study the initial events in pro-
tein folding is to employ molecular dynamics (MD)
simulations with detailed all-atom models in explicit
solvent, that is, models that carefully account for the
physical and chemical properties of amino acids.
The limitations of this approach lie in the fact that
simulating long periods of time is computationally
expensive. The price is, however, affordable if one limits
the study to the very first stages of the folding process. So
far, MD simulations have been mainly used to investigate
the unfolding of small proteins at high temperature.
Exceptions are the massive simulation of the folding
of the villin headpiece by Duan and Kollman (1998)
and by Pande and coworkers (Shirts and Pande 2000).
These calculations are anyway focused on characterizing
the native state without any prior knowledge of its
conformation.

While a computational characterization of the thermo-
dynamics of the denatured state of even small proteins is
presently out of reach because of the highly entropic char-
acter of this state, the study of the early events of protein
folding is within the limits of current MD simulations.
In the following we shall present results of a study of the
first 50 ns of the kinetics of four small proteins, starting
from an elongated, structureless conformation. Each simu-
lation is replicated thrice, focusing the attention on the
events (like more or less pronounced collapse, formation
of specific contacts, etc.) which take place in all the rep-
licas. We shall conclude that each of the proteins studied
displays some local native contacts formed very early in
the folding process and present afterward throughout the
simulations. Of note is the fact that these results are not
inconsistent with experimental information concerning
the folding of these proteins, in particular with that con-
cerning the structure of the transition state ensemble.
In fact, the transition states of the four proteins studied
in this work were exhaustively characterized by means
of f-value analysis (Fersht 1999; Riddle et al. 1999;
McAllister et al. 2000; Kazmirski et al. 2001). All of
them are associated with the formation of specific struc-
tures, although displaying different extension and stabil-
ity (more diffuse and less stable for CI2, more localized
and stable for the other three). As discussed below, most
of the early-formed native contacts we observe in the

simulations (with the exception of SH3) belong to the
regions of the protein structured in the transition state.

Results

Structure of the collapsed state

The dynamics of protein G, protein L, SH3, and CI2 was
followed for 50 ns along three trajectories starting from
elongated, structureless initial conformations. These con-
formations have been produced to avoid any bias toward
the formation of contacts, although most likely their
statistical weight is very low. During the first 20 ns of
each run, all of the four proteins studied experience a
collapse toward a compact state. The radius of gyration
Rg of the Ca atoms for the three runs of SH3 is shown in
Figure 1. It is seen that Rg changes from a value of 2.2 nm
(extended structure) to 1.3 nm (collapsed situation). As a
reference, the value of Rg corresponding to the native
conformation is 0.96 nm. The difference in the value of
Rg associated with the collapsed situation and that of the
states reached by SH3 after 50 ns is less than 1 Å (¼[1.3–
1.2] nm ; 0.1 nm).

The RMSD of the Ca as a function of time is shown in
the inset of Figure 1. In the timescale of the hydrophobic
collapse, the value of the RMSD of the different trajecto-
ries converges to 1.2 nm, corresponding to conformations
consistently different from the native one. Little native
secondary structure is formed during the time of the simu-
lation. In all the runs amino acid 41 populates a native
b-strand (b3) conformation while amino acids 53 and 54
populate a native turn (310-helix). If one would require
repetition of the results in only two out of three trajectories,

Figure 1. Radius of gyration and, in the inset, RMSD of SH3-src for the

three simulations (displayed, respectively, with solid curve, dashed curve,

and dot-dashed curve).
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one finds that in addition to the setting in place of amino
acids 41, 53, and 54, amino acids 2, 3, 4, and 5 populate the
native b1 strand, while amino acids 24 and 25 do similarly
concerning the b2 strand of the diverging turn,

Proteins G and L undergo a collapse similar to that
experienced by SH3, on similar timescales. In Figure 2 is
shown the corresponding value of Rg and of the RMSD as
a function of time associated with a single trajectory (for
the other runs, see the Supplemental material). Protein G
converges to a Rg of 1.2 6 0.1 nm (to be compared with a
native Rg of 1.01 nm) and protein L to 1.3 6 0.1 nm (to be
compared with a native Rg of 1.06 nm). The values of
RMSD reached after the collapse are 1.1 6 0.1 nm for
protein G and 1.2 6 0.2 for protein L, indicating a state
very dissimilar from their native conformations. Both
proteins display no secondary structure, except for a
nonnative b-turn in one of the three trajectories of protein
L (see Supplemental material).

Of note, we find in the case of CI2 that the quantities
Rg and RMSD undergo large oscillations and do not con-
verge to a specific value (Fig. 3). The protein does not pop-
ulate a stable compact state in the first 50 ns, but oscillates,
spanning a range of Rg between 1.1 nm and 1.6 nm. Also in
this case, no persistent secondary structure is formed.

The time evolution of the distance maps (defined as the
matrix of the distances between pairs of Ca, cf. Sup-
plemental material) shows that, while in the first stage of
the folding process (when the chain is still elongated) the
protein displays essentially only local contacts (of kind
i � [i + 3] and i � [i + 4]), after the collapse a consistent
number of nonlocal contacts (of kind i � j with j > i + 4)
are formed. In particular SH3 displays, in the compact
state, an average of 10 local contacts and 50 nonlocal con-
tacts, protein G has an average of 14 local contacts and

40 nonlocal contacts, protein L has an average of 10 local
contacts and 60 nonlocal contacts, and CI2 has an average
of 8 local contacts and 20 nonlocal contacts (cf. Supple-
mental material).

In each of the runs analyzed, the collapse is charac-
terized by the formation of several hydrophobic contacts
(defined as pair of Ca at a distance #7.5 Å, with at
least one of them belonging to a hydrophobic residue). As
shown in Table 1, these contacts are mainly nonnative and
not specific, as shown by the fact that a consistent frac-
tion of them (�44%) are lost after 50 ns (cf. last two
columns of Table 1). Conversely, the few native contacts
formed during the collapse result, to a large extent (�73%),
also formed at the end of the run.

Summing up, all proteins undergo an unspecific hydro-
phobic collapse on the timescale of 10–20 ns. No secondary
structure is observed in the whole 50-ns simulation.

Formation of contacts independent of the collapse

One could wonder if any other, more specific (e.g.,
structure-dependent) mechanism, other than hydrophobic
collapse, is present at the first stages of folding. For this
purpose we studied the correlation function between the
elements of the distance map and the Rg, that is

Cij = < RgðtÞ; dijðtÞ> � < RgðtÞ> < dijðtÞ> (1)

The associated mean values over the three trajectories for
each protein are shown in Figures 4–7. Not all the regions
of the protein result equally correlated with the hydro-
phobic collapse. This behavior is markedly different from
the correlation function of a homopolymer with attractive
interactions set in order to display the same value of Rg

as the collapsed state of the proteins under study. These
Figure 2. Radius of gyration of protein G (solid curve) and L (dot-dashed

curve) for a single simulation. In the inset, the associated RMSD.

Figure 3. Radius of gyration and, in the inset, RMSD of CI2 for a

simulation in water (solid curve) and in guanidine (dashed curve).
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calculations provide a reference correlation function that
decreases uniformly as contacts further from the diagonal
are considered. This is a direct consequence of the fact
that as the chain compacts in a nonspecific way, the mean
distance between residues decreases, leading to a strong
boost of nonlocal contact formation.

In the case of SH3, the contacts weakly correlated with
the collapse (see Fig. 4) are mostly local (i.e., between
residues that are close along the chain) and belong to the
first b-strand (2–7), to the RT loop (9–13), to the diverg-
ing turn (which also include the second b-strand) (18–24,
26–35), to the n-src loop (32–36), to the third b-strand
(27–41), to the middle part of the distal hairpin (42–45),
to the fourth b-strand (48–50), and to the 310-helix (50–54).
The only nonlocal, weakly correlated contacts are between
the n-src loop and the fifth b-strand, the 310-helix, and the
C-terminal region (30–36, 52–55, and 56–60). (Concerning
the stability of the different contacts, see below.)

In the case of proteins G and L one finds again that the
regions of the protein that display the lowest degree of
correlation are only local: In the former they are the first
b-strand, the middle region of the a-helix, and the region
between the third and the fourth b-strands; in the latter
they are the turn between the first and the second b-
strands, the contacts in the middle of the a-helix, and the
fourth b-strand. The case of CI2 is different. The contacts
are overall less correlated to the collapse and the uncor-
related regions involve also nonlocal contacts. This be-
havior is not a trivial consequence of the smaller degree
of compactness of CI2 with respect to the other three
proteins. In fact, the reference homopolymer, which is
built to display the same average radius of gyration as
CI2, does not display uncorrelated nonlocal contacts.

To study the degree of structure formation of the
collapsed state of the protein, we have determined the

probability of contact formation (contact stability) over the
three runs, calculated as the product of the probability in
each run after the collapse. A contact is assumed to be
formed when the distance between the Ca of the corre-
sponding amino acids is <7.5 Å. In what follows we focus
only on those contacts whose formation is uncorrelated
to Rg (cij < 0.6). While in this way we may not consider
some bona fide structural information, we are sure not to
include in our analysis contacts whose formation is a
straightforward consequence of the hydrophobic collapse.
The contacts formed with a probability strictly larger than
that of a homopolymer and not correlated with Rg are listed
in Table 2. In the case of SH3 these contacts are all native,
local, and involve hydrophobic residues. Note that the fact
that these contact are built between hydrophobic residues
does not contradict the fact that they are not correlated to
the hydrophobic collapse. In fact, hydrophobicity plays
several roles in protein folding: The hydrophobic collapse is
caused by a nonspecific clustering of hydrophobic residues,
while here we are dealing with the formation of specific
contacts between amino acids that sometimes are nonpolar.
They belong to the n-src loop (32–36), to the 310-helix, and
the fourth and the fifth b-strands (51–55, 52–55). Of note, if
the criteria for contact formation requires the presence of
the contact in question in any two of the three trajectories,
one finds also contacts 1–29, 30–38, and 42–45, i.e.,
between strand b1 and the n-src loop, the n-src loop and
b3 strand, and within the distal hairpin, respectively (see
Table S1 in the Supplemental material).

In the case of proteins G and L the contacts not
correlated with the hydrophobic collapse are native and
nonnative, mainly hydrophobic as in the former case (see

Table 1. Number of native (N) and nonnative (nN) hydrophobic
contacts formed at the time of collapse in each trajectory

Protein Traj N nN dN dnN

SH3-src 1 2 30 1 15

2 14 16 13 9

3 6 36 5 13

Protein G 1 17 34 15 19

2 12 32 4 23

3 4 40 3 25

Protein L 1 17 36 12 23

2 8 56 7 37

3 14 43 7 21

CI2 1 6 52 6 33

2 7 40 3 27

3 8 51 6 20

The last two columns indicate how many of the native (dN) and nonnative
(dnN) contacts formed at the time of collapse are still formed at the end of
the simulation.

Figure 4. Mean correlation between the radius of gyration and the pair

contact distance of SH3-src. (Upper half) Real protein; (lower half)

homopolymer.
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Table 2). The native contacts of protein G belong to the
second turn between b2 and the a-helix, as well as to turn 3
and 4 between b3 and b4. The native contact associated
with protein L belongs to the turn between b1 and b2, to the
second b-strand, and to the fourth b-strand. For CI2 the
stable contacts are only native and local. They belong to the
turn between a-helix and b3, to the fourth b-strand, and to
the turn between the fourth and the fifth b-strands.

Behavior of CI2 in guanidinium chloride

Since experimental characterizations of the states of the
protein that are far from the native state are usually done
making use of chemical denaturants, it is relevant to
compare the dynamics of a protein (we have chosen CI2)
in water and, e.g., in guanidinium chloride. Our calcu-
lation testifies to the fact that CI2 in 3.9 M guanidinium
chloride does not undergo any hydrophobic collapse in
the first 50 ns. The behavior of the Rg is dominated by
large fluctuations (the standard deviation is 0.3 nm), and
its average value (<Rg> ¼ 1.8 nm) is much larger than that
of the protein in water (<Rg> ¼ 1.3 nm).

Nonetheless, the analysis of the average contact map
shows that CI2 in guanidinium chloride stabilizes the
same (native) contacts (cf. Table 2) that are stabilized in
water, displaying also comparable stability.

Likelihood of specific contact formation based
on a small number of simulations

Each of the above simulations is repeated thrice, focusing
attention on the events (like more or less pronounced col-

lapse, formation of specific contacts, etc.) that take place
in all three replicas. Although computationally expensive,
this is necessary in order to provide information that is
statistically meaningful. For the sake of simplicity, let us
assume that the simulations are short enough that a con-
tact between two residues is either formed (i.e., their Ca

are closer than 0.75 nm) or not formed in the 50-ns
simulation (thus we ignore the fact that it can fluctuate
over this timescale). We employ Bayes’ theorem to esti-
mate the probability that the observation of the formation
of that contact in m simulations over a total of n implies
that its formation is not accidental. By ‘‘accidental’’ we
mean that the contact is formed according to the statistics
of homopolymers. In fact, any pair of residues i and j
belonging to a homopolymer display a probability pr of
being in contact depending on their distance j i � j j along
the chain, simply due to diffusion. The conditional proba-
bility of observing a contact given the accidental hypoth-
esis is p(contact j accidental) ¼ pr. In order to describe the
probability of contact formation in a homopolymer with
hard-core repulsion and whose degrees of freedom are the
Ramachandran dihedrals, use is made of the function

pr =
2:01

1:96 � ji� jj � 3:18
(2)

obtained from fitting the probability obtained from a
Monte Carlo simulation (note that the ideal-chain approx-
imation would have been too poor, due to the small values
of ji � jj in which we are interested).

The observation of a contact between residues i and j in
m simulations over a total of n can be associated either to

Figure 5. Mean correlation between the radius of gyration and the pair

contact distance of protein G. (Upper half) Real protein; (lower half)

homopolymer.

Figure 6. Mean correlation between the radius of gyration and the pair

contact distance of protein L. (Upper half) Real protein; (lower half)

homopolymer.
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the hypothesis that the contact is formed because of an
accidental event or to the hypothesis that it is due to a
specific mechanism. The probability that a specific mech-
anism is taking place given the observation of a contact in
m simulations over a total of n can be calculated by the
Bayes’ theorem, that is

pðspecific j m contactsÞ= ð1 � prÞmpr
n-m=ð½1 � pr�mpr

n-m

+ pr
m½1 � pr�

n-mÞ (3)

The conditional probability that a contact is specific if it
is observed to be formed in three simulations over three
(i.e., m ¼ n ¼ 3) using Equation 2 is displayed in Figure
8. The probability pr that a contact with j i � jj > 5 is
formed by accident is small enough that if one observes it
always forming in three independent simulations, the
probability that it is not formed by accident is essentially
one. If one wants to save time and perform only one simu-
lation, the certainty about the specificity of the formation
of a given contact (m ¼ 1, n ¼ 1) holds only if the two
residues are separated by ;20 other residues. If one
performs three independent simulations and observes the
formation of the contact only twice (m ¼ 2, n ¼ 3), some
hint about its specificity can be supposed only if it is local
(ji � jj < 10), while if it is nonlocal, one can be quite sure
that its formation is an accident.

Discussion

A set of computationally intensive simulations of four
single-domain proteins was performed starting from elon-

gated, structureless conformations. All of them display a
collapse to a compact state lacking of any stable secon-
dary structure. The collapse is due to a nonspecific attrac-
tion among hydrophobic residues.

The direct comparison of the present results with exper-
imental data is not straightforward, because it is not
granted that the stationary state we observe in the simu-
lations for each protein corresponds to the denatured state.
Even if that is the case, as suggested by the stationary
character of the macroscopic quantities recorded in the
simulations, there is no evidence that the protein explores
the full conformation phase space so as to guarantee that
any macroscopic quantity associated with the protein is
stationary. As a consequence, one needs to carefully check
the time dependence of any quantity we compare with exper-
iments. If stably structured regions are found in multiple
(short) simulations, it is sensible to expect they would also
be structured in the denatured state under native (bio-
logical) conditions.

The denatured state of a number of proteins has been
characterized experimentally. The extrapolation to zero
guanidine concentration of the Rg of protein L, calculated
by FRET (Sherman and Haran 2006), is 1.7 nm, corre-
sponding to a globular state, although slightly larger than
that obtained by the simulations (Rg ¼ 1.3 nm). A SH3
domain whose denatured state has been characterized
under native conditions is that of the drk protein (Mok
et al. 1999). This is a domain structurally similar to the
src-SH3, but unstable in water at room temperature. The
conformations compatible with the NOE signals dis-
play an Rg of 1.1 nm, corresponding to a remarkably
compact denatured state and in agreement with the result

Figure 7. Mean correlation between the radius of gyration and the

pair contact distance of CI2. (Upper half) Real protein; (lower half)

homopolymer.

Figure 8. Likelihood that the formation of contact between residues i and j

is not accidental, as a function of their distance j i � jj along the chain if their

formation is observed three times over three simulations (curve a), one time

over one simulation (curve b), and two times over three simulations (curve c).
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or simulations (Rg ¼ 1.3 nm). On the other hand, the
denatured state of CI2 has been described as a random coil
(Kazmirski et al. 2001) on the basis of secondary chemical
shifts in 6.4 M guanidine chloride and of a MD simulation
performed at 498K and lasting for 20 ns. These results are
not very informative about the features displayed by the
denatured state of CI2 under native conditions because
guanidine chloride increases consistently the gyration
radius of proteins (Sherman and Haran 2006), and the
simulation is done at a temperature that is much higher than
that of biological relevance and for a timescale too short as
compared to that needed for the collapse of CI2 (cf. Fig. 3).
Our simulations indicate that the denatured state of CI2
under native conditions is globular, not coiled, although
less compact and displaying larger fluctuations than the
other three proteins.

The timescale associated with the collapse of the chain
seems quite homogeneous for all four proteins studied
and is of the order of tens of nanoseconds. As a rough
comparison, the kinetics of the hydrophobic collapse of
BBL (a protein of length comparable to those studied
above), studied by FRET, starting from the acid-denatured

state of the protein, takes place in ;60 ns (Sadqui et al.
2003). This finding is compatible with the results of the
simulations discussed above. The data indicate the collapse
of BBL is faster than secondary structure formation, a result
also found in the simulations of all four proteins studied.

These simulations we have carried out highlight the
formation of a small number of stable contacts on the
same timescale of the chain collapse, but not as a trivial
consequence of it. These contacts are mainly local and,
interestingly, native. Among these we find, in the case
of src-SH3, those associated with the n-src loop and the
310-helix loop. Standard interpretation of f-value analy-
sis indicates these regions are not formed in the transition
state (Riddle et al. 1999). However, the same analysis
highlights that in the 310-helix, mutations have no effect
on stability and that the n-src loop is the region of SH3
where most mutations cause unusual kinetic consequences,
that is either increase or decrease both folding and unfold-
ing rates, leading again to DDGDN � 0. The formation of
these contacts in the denatured state is not incompatible
with the absence of destabilization upon mutations in these
regions.

Protein G and protein L display the asymmetric
behavior that characterizes also the transition state, where
the former populates the second hairpin (McAllister et al.
2000) while the latter populates the first hairpin (Kim
et al. 1998). NMR experiments also show a nonrandom
behavior in the first hairpin of protein L in 2 M
guanidinium chloride (Yi et al. 2000). Our simulations
indicate that the turn of the second hairpin of protein G
(turn 4) is already formed in the denatured state, together
with few loops of the helix (contacts 24–27) as well as
native contacts between the C and the a-helix and the
third turn, while the first hairpin displays two nonnative
interactions (7–10, 17–20) and two (also nonnative) con-
tacts with the a-helix. Protein L populates in the dena-
tured state mainly the loop defined by the first hairpin,
and few contacts (both native and nonnative) in the sec-
ond one. In agreement with the results of multiple muta-
tions (Kim et al. 1998), the helix is completely disrupted.

Our results on protein G and src-SH3 can also be
compared with the simulations by Brooks and coworkers
(Sheinerman and Brooks 1998a,b, Shea et al. 2002). Here,
the free-energy surface is sampled by means of short
molecular dynamics simulations starting from a set of
characteristic conformations extracted from high-temper-
ature unfolding trajectories. It is observed that in the
regions of the free-energy characterized by compact
unfolded conformations, only a small set of native contacts
is stable. In the case of protein G, these contacts are
localized in both in the N-terminal and in the center of the
a-helix (regions 24–26 and 29–33), in good agreement with
our results. In the case of src-SH3, the contacts are in the
RT loop and in the fifth b-strand, while we see early

Table 2. The low-correlated contacts that are most probable
in the four proteins

Protein Contact Type Correlation Structure

SH3-src T32–W36 Nat., Hyd. 0.47 n-src loop

P51–V55 Nat., Hyd. 0.53 turn b5

S52–V55 Nat., Hyd. 0.13 turn b5

Protein G L7–K10 Nonnat., Hyd. 0.33

T17–A20 Nonnat., Hyd. 0.22

G19–A23 Nonnat., Hyd. 0.43

A20–A23 Nat., Hyd. 0.37 turn 2

A20–A24 Nonnat., Hyd. 0.26

A24–Q27 Nat., Hyd. 0.45 a-helix

D36–V39 Nat., Hyd. �0.03 a-helix–turn 3

G38–G41 Nonnat., Hyd. 0.44

D46–T49 Nat. �0.36 b3–turn 4

A48–T51 Nat., Hyd. 0.29 turn 4–b4

T51–V54 Nonnat., Hyd. 0.26

Protein L I8–N11 Nonnat., Hyd. 0.02

F9–G12 Nat., Hyd. 0.10 1st b-turn

F9–S13 Nat., Hyd. 0.43 1st b-turn

V48–N56 Nat., Hyd. 0.43 2nd b-strand

A49–N56 Nat., Hyd. 0.45 2nd b-strand

D50–L55 Nonnat., Hyd. 0.32

D50–N56 Nonnat. 0.29

D50–I57 Nonnat., Hyd. 0.47

K51–T54 Nonnat. 0.35

K51–L55 Nonnat., Hyd. 0.29

G52–L55 Nat., Hyd. 0.23 4th b-strand

CI2 Q23–P26 Nat. 0.28 a-helix–turn b3

V48–F51 Nat., Hyd. 0.02 b4

L50–D53 Nat. 0.50 b4 turn–b5

The proteins are listed together with their type (Nat, native; Hyd,
hydrophobic), the correlation coefficient to Rg, and the name of the
structure of the protein they belong to.
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contacts in the src-loop and between the 310-helix and the
fifth b-strand.

A comparison can also be made between the present
results and the zipping model (Ozkan et al. 2007), which
allows us to identify the nucleation regions of the protein
based on the kinetics of its constituting fragments. In the
case of protein G, the nucleation regions result to be the
segments 6–15, which then grows, stabilizing the whole
first hairpin, and 45–52, which grows, stabilizing the sec-
ond hairpin and the second half the helix. In agreement
with the idea at the basis of the zipping model, we
observe in the first nanoseconds only the formation of
local contacts: Two native contacts belong to the region
45–52, and one nonnative contact in the region 6–15.
Differently from the work of Ozkan and coworkers, we
oberve stable contacts scattered in other regions of pro-
tein G (cf. Table 2). The main difference between the two
models relies on the fact that we simulate the whole
protein, while the zipping model simulates its fragments
separately. Consequently, one can make the hypothesis
that some correlations between residues that belong to the
different fragments used in the zipping model contribute
to the stabilization of these contacts.

The case of CI2 is particularly interesting because it is
the prototype of the ‘‘nucleation-condensation’’ folding
model (Karplus and Weaver 1976), according to which a
local native structure is stabilized before the overall
formation of the native tertiary structure of the protein.
Our simulations show that there are stable native contacts
also in the denatured state of CI2, involving the loop at
the C end of the helix and the loop at the end of the b4
strand. Simulations show that these native contacts are
also preserved in guanidinium chloride. Under these
conditions the protein does not display any hydrophobic
collapse, supporting the idea that the formation of these
(local) contacts is independent of the collapse of the chain
and that they are particularly stable. This result is impor-
tant from an experimental point of view. In fact, it sug-
gests that the degree of local structure that is observed in
the protein denatured by chemical agents is similar to that
present in the denatured state under native conditions,
which is the state relevant for determining the folding
properties.

Although CD experiments on CI2 do not detect any
secondary structure in the denatured state, NMR experi-
ments in 6.4 M guanidine chloride report secondary
chemical shifts compatible with native structure in the
C end of the helix region (Kazmirski et al. 2001). In terms
of residual structure, CI2 seems not qualitatively different
from the other three proteins studied. That is, the ob-
served residual structure does not correspond to any par-
ticular secondary structure.

Our results on CI2 can also be compared with the high-
temperature unfolding simulations by Daggett and co-

workers (Kazmirski et al. 2001; De Jong et al. 2002). In
these works it is shown that the high-temperature con-
formations beyond the transition state do not display any
native structure except in the a-helix and that the protein
explores conformations with a very high value of Rg (>2
nm). Quenching the temperature to native-like conditions
cause the hydrophobic collapse of these structures and the
formation of some native interaction, in particular be-
tween the helix and the third b-sheet, in accordance with
the results of our simulations.

Within this context, it proves useful to compare the
results of the all-atom, explicit solvent molecular dynam-
ics simulations discussed above with those obtained with
the help of a perfect funneled model (only native contacts
allowed) that makes use of a weighted Go contact po-
tential (Sutto et al. 2006) and allows for an exhaustive
search in conformational space.

In the case of the SH3 domain these calculations show
that the contacts formed early are those within the n-src
loops and between the 310-helix and b5-sheet, as ob-
served in the present calculations (see Table 2). The simi-
larities between all-atom and Go-model results become
even more striking if one uses as criteria for native local
structures the native position of a residue in two of the
three trajectories. In this case one finds, aside from the
structures mentioned above, also those corresponding to
b1- and b2-sheets.

In the case of protein G, the perfectly funneled model
shows early contacts within the second b-hairpin (46–49,
48–51) and within the a-helix (23–26), as well between
b2 and a-helix (20–23) and between turn 3 and a-helix
(35–39) that essentially agree with the present results (cf.
Table 2). In the case of CI2, Go–model results indicate
the early formation of the turns between the a-helix and
b3 (22–25) as well between the fourth and the fifth b-
strands (50–57), in overall agreement with the present
results (cf. Table 2).

The Go-model results have been interpreted (Sutto
et al. 2006) in terms of a hierarchical folding scenario,
where few local elementary structures (LES) are formed
in the initial stage of the folding process and eventually
dock together to drive the protein into the native free-
energy basin (Broglia et al. 2004). The present simulations
suggest that some of such LES (or, anyway, part of them)
are already formed in the first 50 ns in the proteins
analyzed.

Concluding, all-atom molecular dynamics simulations
in explicit solvent are suitable for studying the very first
events in protein folding. These events include the hydro-
phobic collapse and the formation of specific native con-
tacts that, as a rule, belong to regions of the protein that
eventually form the folding nucleus, docking together in
the transition state. The formation of native contacts
between residues that are close along the chain helps
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the protein to display short structured segments already in
the denatured state. These are likely to play an important
role in the folding dynamics of the protein, helping to
solve Levinthal’s paradox.

Materials and Methods

Three molecular dynamics runs of 50 ns each, starting from
three different extended structures, were carried out for each
protein. The starting structures are generated from crystallo-
graphic protein (codes 1FMK, 1PGB, 2PTL, and 2CI2) making
use of the PyMOL sculpting tool (DeLano Scientific). The
Ramachandran dihedrals are increased to values close to 180°
in order to have a backbone that is elongated, in order not to
display any degree of structure, and bent, in order to keep the
proteins in a small volume. If prolines were present in the se-
quence their native isomerization was conserved. Molecular
dynamics simulations are performed with the Gromacs molecular
dynamics package (Berendsen et al. 1995; Lindahl et al. 2001;
Van Der Spoel et al. 2005). The interactions were described using
the GROMOS 53A6 force field (Oostenbrink et al. 2004, 2005),
and virtual-site atoms for hydrogens were used to speed up the
simulation (Miyamoto and Kollman 1992; Hess et al. 1997),
allowing the time step for the molecular dynamic integration to be
as high as 0.004 ps. The system was enclosed in a dodecahedron
box with periodic boundary conditions and solvated with SPCE
water molecules (Berendsen et al. 1987). The system charge was
neutralized, adding the proper number of positive (Na+) or
negative (Cl�) ions. Van der Waals interactions were cut off at
1.4 nm, and the long-range electrostatic interactions were calcu-
lated by the particle mesh Ewald algorithm (Essman et al. 1995),
with a mesh space of at least 0.130 nm. The list of neighbors was
updated every five steps (0.020 ps). The system is coupled with a
Nosé–Hoover thermal bath (Nosé 1984; Hoover 1985). The model
to describe guanidinium chloride used in the calculations (CI2 in
3.9 M of the denaturant) is that developed by Camilloni et al.
(2008). The reference correlation function is calculated for each
protein performing Monte Carlo simulations of an homopolymer,
modeled as a chain of Ca of the same length, tied together by rigid
bonds of a length of 0.38 nm. The interaction energy between two
Ca is �1 if they are closer than 0.75 nm and separated along the
chain by at least other two Ca. A hardcore of radius 0.4 nm
prevents their overlap. The temperature is chosen in such a way
that the average gyration radius of the model is equal to that of the
all-atom simulation.

Electronic supplemental material

In the Supplemental material we replot Figures 4–7 in color, and
we show the figures displaying the RMSD and Rg for all
the trajectories, the relative secondary structure data, and the
contact distance maps. Moreover, there is a table in which the
contact found in two out of three simulations, not correlated
with the collapse, are listed.
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